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Diagram of window model and meshing

Fig. 1

Heat flux
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Fig. 2 Heat flow heating window with certain angles
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Table 1 Thermal conductivity (1) and specific heat (C,) of the materials at different temperatureI14I
Sapphire ZnS Diamond
Temperature/'C
M(W-m™-C™h c/(J-kg'-Ch MW-m™-C™) c/(Ikg'-Ch MW-m™-C™) c/(kg'-Ch

22 33.2 774.5 28.6 480.0 2200 531
100 25.5 914.5 21.2 504.0 1570 820
200 19.6 1024.0 14.5 520.0 1185 1095
300 14.9 1078.0 10.6 526.0 887 1315
400 12.5 1111.5 8.5 529.0 711 1455
500 11.1 1137.0 7.6 531.0 650 1570
600 10.0 1157.0 7.0 532.5 635 1685

F2 SMAFMRBERETUAREARES Young's {HE!
Table 2 CTE (a) and Young's modulus (E) at different temperaturesI14I
Sapphire ZnS Diamond
Temperature/'C

ax10°%C! E/GPa ax10°%C! E/GPa ax10°%C! E/GPa

22 6.10 346 6.48 93.4 1.00 1131
100 6.91 346 7.30 92.7 1.55 1120
200 7.30 346 7.78 91.6 2.15 1108
300 7.54 346 8.02 90.4 2.87 1097
400 7.70 346 8.13 89.1 3.25 1093
500 7.82 346 8.34 87.4 3.71 1085
600 7.95 346 8.44 86.1 4.01 1089
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Table 3 Densities (p) and Poisson's ratio (v) of the optical

materials*!

Materials P /(kg~m’3 ) v
Sapphire 3980 0.27
ZnS 4090 0.29
Diamond 3520 0.07
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Fig.3 Stagnation temperature curves of sapphire and ZnS windows under different heat flux without coolant
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Fig. 4 Temperatures of sapphire and ZnS windows heated at 5 MW/m? heat flux for 5 s without coolant at different angles
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Table 4 Thermal stress peak values and of traditional windows under ultrahigh heat flux heating without coolant
. Stress of sapphire/MPa Stress of ZnS/MPa

70 3MW/m’ 5MW/m’ 8 MW/m® 3MW/m® 5MW/m® 8 MW/m®

10 326 609 1067 178 336 584

45 1733 3114 5008 939 1487 2076

90 2583 4470 6577 1302 1910 2600
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Fig. 6 Stagnation temperature curves of sapphire and ZnS windows with coolant under different heat flux
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Fig. 7 Temperatures of sapphire and ZnS windows heated at 5 MW/m? heat flux for 5 s with coolant at different angles
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Fig. 8 Thermal stresses of sapphire and ZnS windows heated at 5 MW/m? heat flux for 5 s with coolant at different angles
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Table S Thermal stress peak values of traditional windows under ultrahigh heat flux heating with coolant

. Stress of Sapphire/MPa Stress of ZnS/MPa
7 3MW/m’ 5MW/m’ 8 MW/m’ 3MW/m? 5MW/m* 8 MW/m?
10 433 766 1306 221 413 778
45 2125 4022 6429 1347 2058 2905
90 3296 5750 8528 1823 2637 3803
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Fig. 9 Stagnation temperature of diamonds without and with circulating coolant under different heat flux
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Table 6 Thermal stress peak values of diamond windows at different angles under different heat flux
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Numerical Study of Thermal Shock on Several Infrared Materials for Window Application
Under Superhigh Thermal Flux Condition

YANG Guojian', SUN Peng®, WANG Yuezhong!, LI Shasha', ZHU Tong', PENG Zhiyong?, LIAN Weiyan®, YANG Guoyong',
YANG Ke!, SONG Hui', LIU Huasong?, JIANG Nan'
(1. Key Laboratory of Marine Materials and Related Technologies, Ningbo Institute of Materials Technology and Engineering,
Chinese Academy of Sciences, Ningbo 315201, Zhejiang, China; 2. Tianjin Key Laboratory of Optical Thin Films, Tianjin Jinhang
Technical Physics Institute, Tianjin 300192, China)

Extended Abstract

Introduction The development of infrared imaging detection technology for new generation of ultra-high-speed vehicles has put
forward harsh requirements for infrared windows. For ultra-low altitude (e.g., sea level) to perform ultra-high-speed flight mission,
the surface of its infrared window is usually accompanied by ultra-high density heat flow. In the high-speed flight environment, the
force and thermal environment introduced by the aerodynamic effect on the surface of infrared window materials is complicated, and
the related engineering experiment testing costs are extremely high. Finite element simulation can predict the phenomena of window
warming and thermal stress failure caused by aerodynamic effect to a certain extent, which can provide important information in
engineering or applications. In this paper, two conventional commonly used infrared window materials (i.e., hexagonal single-crystal
sapphire and cubic ZnS) with a low thermal conductivity were selected to compare with cubic diamond infrared window materials
with a high thermal conductivity. The numerical simulations of the window temperatures, thermal stresses and their distributions were
carried out under the action of ultra-high-density heat flow, and the results were compared with and without the cooling medium. This
work could provide a theoretical reference for the design, selection and application of infrared windows of the new-generation
ultra-high-speed vehicles.

Materials and method In this work, numerical simulations (Finite Element Analysis, FEA) of stagnation temperatures and thermal
stresses were carried out on some infrared materials (i.e., sapphire, ZnS and diamond) with a size of ¢50 mmx=2 mm for window
application when facing ultra-high heat flux (3-8 MW/m?) for 5 s at an angle range of 10°-90° with and without constant temperature
circulating coolant. The service performance of the infrared materials as well as the property requirements of windows in
environments with ultra-high heat flux, were analyzed. A contrast of the infrared materials between sapphire or ZnS and diamond was
investigated.

Results and discussion The results show that the conventional infrared materials cannot survive as a result of high temperature or
thermal stress due to the poor thermal and mechanical properties. For sapphire window, the stagnation temperature is 378 C, a value
that already exceeds its limiting operating temperature for infrared imaging (about 350 °C) with a small angle (10°) under 3 MW/m*
for 5 s, possibly resulting in a failure to image properly. For ZnS window, the temperature reaches 600 ‘C, a temperature at which the
material oxidizes and fails to image applications. Their stagnation temperatures both continue to increase as the angle and heat flux
increase. When the heat flux continues to increase (i.e., 5 MW/m® for 5s), the stagnation temperatures of sapphire and ZnS reach
500 °C and 1000 °‘C or more, respectively, even with a small angle (10°). At the maximum heat flux (i.e., 8 WM/m?), the stagnation
temperatures can even exceed the melting point of the material. Meanwhile, in terms of thermal stress, only sapphire can keep the
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structure from failing under 3 MW/m? at 10°. With the addition of coolant, conventional infrared materials (i.e., sapphire and ZnS)
may fare worse. The stagnation temperature almost does not change, and the thermal stresses rather increases. For diamond as the
infrared window, a failure risk sharply decreases due to the ultrahigh thermal conductivity, low thermal stress and more even stress
distribution. Although diamond is equally difficult to apply under large angle working conditions (i.e., 45°-90°) without coolant
(stagnation temperature reaches 750 “C,which is above the oxidation temperature of diamond.), the situation improves dramatically
with the addition of coolant. Diamond for benefiting from the cooling system can even survive under a high thermal flux of 8 MW/m®
at <45°. This study can provide a reference for the design, material selection, and application of infrared windows for a new
generation of hypersonic aircraft.

Conclusions Conventional infrared materials such as sapphire and ZnS could hardly achieve the requirements of the working
conditions operating at any angles (i.e., 10°~90°) under ultrahigh heat flux (i.e., 3-8 MW/m?) for 5 s due to the failure risk caused by
excessively high temperatures or structural failure from high thermal stresses. However, diamond had a better performance. Diamond
could only be used as an infrared optical window at a small angle (i.e., 10°) without coolant, but could be used at a heat flux of
3-5MW/m® and any angle, as well as at 8 MW/m?® and 45° and below with coolant. The surface temperature of diamond was higher
than the oxidation temperature, and the high stresses with a possibility of destruction under 8 MW/m?> at 90° occurred. In addition,
diamond showed a lower failure risk and some advantage of its outstanding properties rather than sapphire and ZnS under cooling
conditions.

Keywords numerical simulation; infrared window material; hypersonic; heat flux; diamond



